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SUMMARY

Tests were made in the Langley stebility tunnel to
compare the drag of eirnlene conflguretions naving con=-
ventional bodles with that of an alrplane configurstion
Intended to carry cargo in a detachable airfoil-sheped
body., The results of these tests are presented graphi- '
cally. An enalysls of the performance and longitudinal
stabillty end control cheracteristics of s 1lifting-body
cargo airplene 1s also presentnd, and thls type 1s com=-
rared with e more conventional cergo elrplene,

Comperlison of ths polars obtelned by the anelysls
with the experimentel results obtalned for s specific
model shows that the methods used willl give reasonsably
good campsrsestive performance estimates. Although the
speciflc assumntions used may be open to question, the.
comparison of the proposed design with a conventional
alrplsne Indicates the practicabllity of the design. No
further investigetion of the general serodynamic charac-
teristics of the 1lifting-~body type of eirplane 1s con-
sldered necessary.

INTRODUCTION

At the request of the Army Air Forces, Air Technical
Servlce Commend, e preliminsesry investlgation of the dr
of several confligurstions of a lifting-body cargo airplahne
was conducted 1n the Lengley stebllity tunnel.
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In order to investigate the aerodynemic character-
i1stlcs of such a cargo airplmsme, an analysls wss made of
the performance and of the longitudlinel stability and
control cheracteristics of & speciflc design. The methods
used and assumptlions Involved in the anslyslis are presented
In the aprendices. The stebllity and control analysls
consldered maelnly the effect of body locatlion end centsr-
of -grevlity location on the tall sree required.

CORFFICIENTS AND SYKEOLS

The coefficlents and symbols used in this report are
defined es follows:

L 11ft

D drag

M pltching moment measured abcut quarter-chord point
Cy, 1ift coeffilcient = é%

Cp drag coefficlent = é%

Cp, Proflle-dreg coefficlent

Cm pltching-moment coeflicient about juerter-chord
M

qQSc
pltching-moment coelficlent at zero 1lift

point =

S rrojected area

St wing arsa not covercd by cargo body S = kS!

8" projected srea of test models
¢ chord
b spsn

] distance of teil quarter=chord polnt from wing
querter-chord point

8 distance of body quarter-chord point shead of wing
quarter-chord polnt
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distence of Eenter of gravity behind wing quarter-
-chord point -

distence of neutral point behind wing quarter~chord
polint

dlstence of center cf gravity behind cergo body
quarter-chord polint

flight range

horseypower

sspect ratlo

welgzht

welght of fuel

fuel consumption rate
dynemlec pressure = —pV2
alrsneed

elr density
engine-2roreller efficlency
ancle of sttack

section angle of atteck
induced angle of attack

effective chenge in angle of zero 1lift due to flep
deflection

dcr,
da

engle of deflection of flep or control surface
angle of 1ncldence

downwash engle at tall
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Subscripts:

b refers to cargo body

c+b refers to carzo body and bocms
t refers to horizontal tail

8 refers to vertical tell

by refers to flap

c refers to cargo

n refers to engine nacelles

e refers to alrplene with cargo body off

w refers to wing, when used, otherwlse wing perameters
have no subscriots

m refars to scele model

1 refers to the spenwlse portion of wings without flaps

2 refers to the flepped svanwise portlon of the wing

outside the sllostream

3 refers to the spenwise portlon of the wing in the
slipstream

MODELS

Tests were made on simplifled models representing
several confilgurations of a cargo alrplane using a large-
chord short-s»an eglrfoll-shesped body and twin booms. The
body had a section wit: a 0.25c maximum thickness at 0.l0c
end a meximum cambter of 0.02¢ at 0.l40c; the chord ¢
wes 30.2 inchss end the span was variled; lL-,12-,end 22-inch
spans were tested. The body-boom combinatlons, body elone,
end booms alone were tested on the wings. In one of the
tests of the booms, the wing chord bstween the booms was
Increased by extending the lesding edge 23 percent. For
comperison, tests were also made on more conventlonal
bodles; one of by 7.55=inch rectengular cross section,
end snother of 6-inch~diameter clrcular cross section,
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geometrically similer to the fuselage of the Douglas c=Th.

-The conventional bodies have cargo capaclties approxl-

mately equel to that of the L-inch cargo body. Illus-
trations of these models are shown 1n figures 1, 2, 3, L,
eand 5.

All the bodles were tested on the same l2-inch-chord
dural eirfoll of NACA L4318 section, which completely
spanned the tunrel. The cargo-=body models were mounted
so thet thelr quarter-chord points were 6.58 inches shead
of the wing querter-chord point. The right end of the
alrfoll pessad through the tunnel wall and was fastened
to the balsnce frame outside the tunnel. The gap around
the wing where 1t passed through the tunnel wall was
sbout 1/16 inch wide. The left end of the airfoll came
elmost to the tunnel well, lsaving approximately a 1/16-inch
gap between the wing and the wall. This end of the air-
fcil was mounted on the balance frame by means of a shaft
which was festened to the end of the wing and passed
through the tunnel wall. The constructlon of the wlng
and mount can be seen in figure 2, and a model with the
samd configuration as shown in figure 2(a) is shown
mounted in the tunnel in Iligurs 5.

TESTS AND RESULTS

The tests were made in the 6- by 6-foot test section
of the Leangley stabllity tunnel at a constant dynamic
pressure q of 6lL.3 pounds per sguere foot, corresponding
to a Reynolds number of 1l.l4)i x 10° based on the l-foot
wing chord. Measurements were mede of 1lift, drag, and
pltching moments. The data were corrected for tunnel=
wall effects end ere presented in stendard NACA coefficient
form.,

The results of the tests are shown in figures 6
through 1b. A resume of the tests and results is glven
in the following table:
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Mcdel configuration Flgure no.
Wing alone 6
Wing. 22-inch csergo body + booms o

+
Wing + l2-inch cergo body + booms g =0 T
Wing + lj-inch cargo bcdy + booms

Wing + 22-inch cergo bedy + booms, 1 = 0°, 2=
Wing + 22-inch body )

Wing + l2-inch body > 1, = 0° 9
Wing + l~-irch body

Wing + booms at 22-inch spscling constant
chord ving

Wing + bowm3 at 12-inch svecing conatent 1. = o° 10
chord wving L

Wing + booms at li-inch specing constant
chord wing

Wing elone

Wing + 1Z2-1ncn cergo body + booms

Winr + 12-1rch cergo body o

Wing + booms at 12-inch svacing coastent P21, = 0 11
chord wing

inz + booms at 12-inch spscin:® incressed
chord wing between booms

5-~inch conventlonal body, 1y = 0° 12
10

Circulsr body, high wing, 1, = 0°, 23, 5° 1%
lo

Circulsr body, low wing, 1 = 0°, 25, 5° 1y

Wing ealone

Wing + lL~inch cargo bhody + booms °

Wins + 5-inch conventional body 1,=20 15

Wing + clrculsr body, high wing

Wing + circular body, low wing

Wing + 22~inch csergo body + booms o

Winz + 22-inch cargo body + booums 1y =0 16

extended T.H.
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The tests on the wing alone cen be consldered as two-
dimensional tests, 'end the data in figure -6-are section
date. The other tests are of three-dimensional bodies
superimposed on s two-dimensional wing.

The data presented in figures 8 and 13 cannot be
compared directly with the other data presented, ‘since
the tests from which the results on these two flgures
were obtalned were run with the gap around the wing at
the tumnel wall seeled. These two flgures are comparable
only within themselves to show the effects of wing incl-
dence. All other data were obtalned wlth the geap around
the wing unsealed.

DISCUSSION
Test Data

The drag deta from the tests were broken up into
several components to determine where the drag could be
reduced. All the drag coefflclents were bssed on the wing
area of 6 square feet. Figure 17 shows the values of
minimum dreg coefflcient of the various components of the
cargo sairplene. The varietion of the cargo-body drag
increment with body width (from fig. 9) was not zero when
extrapolated to zero body width. The skin friction of
the sides of the cargo body was calculated at a Reynolds
number based on the test alrspeed and body chord, assuming
a turbulent boundary layer on the body sides. The compuved
skin-friction drag coefficlient colnclded with the drag
Increment at zero body wldth.

From the tests of the booms alone on the wings (see
fig. 10), the drag of the booms was found to be independent
of the boom spacing. Also, there seemed to be no drag
interference between the booms and cargo body, because
the Increment of dreg added by the booms was the same
whether or not the cargo body was present. Thilis can be
deen cleerly in flgure 17.

Tuft studies were masde and showed that the flow at
the tralling edge of the sirfoll-section cargo body was
always seperated. The flow on the upper surface was
seBarated to some extent near the tralling edge even at

angle of attack. This separated flow occurred on the
body when tested either wlith or without the booms. In
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-an attempt to eliminate the flow separation, the cargo~
body length was Incressed 10 percent by extending the :
tralling edge es shown In figure 1, thereby reducing- the
tralling-edge engle from 50° to about 30°. Tuft tests
showed thet thls modification eliminated the flow sepa-~
ration on the upper surface for the negatlve angle-of-
attack range, and made it less wldespread for small
posltive angzles of attack. Force tests showed that the
dreg was decreased in the minimum draeg range. The
results of these force tests are shown in figure 16,

In figure 11, it can be seen thst the booms have
some Interference effect on the pltchling moments of the
cargo body. Adding the booms to the wing and cargo-body
combination nroduced e pitching-moment increment greester
than that produced by addling the booms to the wing slone.
Thils 1s probably & result of the Interference effects
between the forward portion of the cargo body and the
large portlon of the booms extending in front of the cargo
body.

Anelysis

The datas were applied to an enalysis of the perform-
ence end the longitudlinal stablllity end control character~
istics of a full-size cergo alirplaens utilizing the airfolil-
shaped cargo body. However, no attempt was 'made to estl-
mete the control forces. The speciflc design chosen for
enalysls was suggested by Col. C. F. Greene, Lielson )
Offlcer betwean the Alr Technilcal Service Command and the
Lengley Laboratory of the National Advisory Committee for
Aeronautices. The characteristics of the alrplane are as
follows:

The alrplane considered 1s & four-engine high-wing
cargo carrier, designed to accommodate bulky and hegvy
equlipment and materlial. The body for carrying the cargo,
which 1s detachatle for simple and rapid loeding and
unloadlng, has an alrfoll-shaped longlitudinel section.

The remaining portion of the alrplane 1s a complete flyable
unit 1In 1tself, A three-view drawling of the basic alrplane
is shown in figure 18, and the main dimensions are listed
In table I. ’

The methods used In the gnalysls and the values
assumed or estimated for the varlous parameters are glven”
in appendix A. An anslysils of the test data to Justify
some of the assumptions made 1s given 1n asppendix B.
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The values glven in table II and in flgures 19

.. through 22 are only approximations, since the drag data
were estimated, or teken from low Reynolds number testas

of a simple body and boom combination mounted on a
constent-chord wing which coupletely spanned the wind
tunnel. TIn order to Justify the method used in estimating
the drag characterlstics, a l1lift-drag polar was estimated
for the Douglas C-T7L, using the test data in figure 1 for
thg model with the circular fuselage snd low wing at

2% Inclidence. In flgure 19, thils polar 1s compared with
data obteined from tests of & complete C-7l model. The

cogﬁarison between the coﬁputea and measured dregs of the
C- indicates that the method of estimating the drag 1s
satisfactory.

Performence.- The drag of the complete alrplane was
estimated, as shown in appendix A, from the test data, wilth
a sultaeble allowance mads for the Gecrease in drag when
booms not extending in front of the body are used. The
estimated 1ift-drag polars for thas complete alrplane, and
the elrnlene with the cargo pody removed end the drag
equivalent of flat pletes of 0-, 50-, and 100-squerc-foot
arefrs pleced between tiae booms to represent lesrge ltems
of cargo hung from the wirg but not enclosed 1n the body,
ere shown in figure 20.

It 1s desireble to compare the 1l1lifting-body type of
alrplene wlith a more conventionel cargo sirplane in order
to show their relative performence., The C-Tl cargo alr-
plene, howsver, camnnot be used for thls compeurlison because
the sizes end wing loasdings are dlffersnt for ths two alr-
plenes, In order to compare the two types of elrplene on
the seme basls, the polar was estimated for an sirpleane
with a fuselage similar to thet of a C-7L, but with a cargo
volume, gross welght, and wing slze and plan form the same
es those of the lifting-body desizn. The drag coefficlents
of the asirplane arce compsered wlth those of the lifting-
body alrplane in flgure 20. The minimum drag coafficlent
of this comparison eirplens was slightly lower than that
Sf Bhe)complete cargo airplane (0.0223 as compared with

«0237).

Power required varsus speed curves were drewn from
the estimated 1lift-drag polars. A power avallable versus
speed curve for normal reted power (8800 bhp) was estimated
from the engilne-propsller characteristics. The estimated
power curves and a curve showlng the power requlred to
overcome the induced drasg at a wing losding of ;0 pounds
per square foot is shown in figure Z2l.
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Also shown 1s the power required for the large conven-
tional type of salrplane for comparison. Thls conven-
tlonal. type 1s the one mentioned previously, which has a
fuselege similar to that of the C-Tlt but with its welght
end wings the same as those of the 1lifting-body cargo
airptlane, .

The see~lsvel performance of the cargo alrplsns was
estimested from the power curves for three condltlons:
body on, design gross weight; body on, light loed (as at
the erd of a long-renge flight); end body off, light load.
The ceargo loed versus range characterlstics at constant
brake horsepower end st constant 1ift coeffilclent, which
are presented in the forin of curves 1ln figure 22, wsre
estimated from the power curves end fusl consumptlon data
of the engine at minumum horsesower required (L 760 vhp)
and at oGO0 bhp and at the meximum 1lirt-dreg ratio. Flight
at the maximum lift-drag ratio represents the most effi-
clent flylng conditlions, and the meximum range for any
loeding may be attained by this method. However, 1t 1s
eaesler for the nilot to fly et constant brake horsepower,
gince this requlres a single throttle setting and no
ad justments of power during flight.

The lending speed was also estimated. The meximum
1ift coefficlent was obtained from figure 6, snd en incre-
ment in section 1ift coefficient resulting from e flap
deflection of about 50° was estimeted from data in refer-
ences 1 end 2. The effect cf half rated vower on the
meximum 1ift coefficient wes obtalned from data on tests
of powered models of multliniine elrplanes. Thls 117t
coefficient determined the landing speed.

The maximum level speed, maximum rate of climb,
speed for best climb, and landingz speed for the three
loadling condltions mentioned above end also the maximum
range for thres flylng condltlons are presented in teble II.
The values given are for ses—-level performeance.

Flgure 21 seems to indicete that grester power would
be required by the conventionalwbody alrplsne tihen by the
lifting~body =sirnlene st low speeds, but actually thls
would probably not be so. The model from which the drag
coefficlents for the conventlonal body were estimated had
no fillets, end with the type of fuselage-wing Juncture
used, proper filleting would greatly reduce the dreg, and
hence the power required at low speeds. Thus, to be falr,
the low-speed cheracteristics should not be compared
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directly, and, therefore, the range, lending speed, and

- rate of climb should not-be estimated for the conventional=-
body alrplane from the power curves shown. However, at
high speeds, where the filleting has little effect, the
power curves for both types of cargo asirplane are very
closely similer, indicating that the fuselage shape in

this case mekes only a small differsnce In the performance.

Longitudinal stabllity end control.~ The estimated
longitudinal stebI1Ity end control characteristics are
summerized 1n the form of horlzontal-tall area required
for various cargo-body locations. The most critical
requirements were for stebillity with the center of gravlty
in its most rearwerd pcsitien =amd for trim in the lending
attltude wlth a fixed steblllzer with the center of gravlity
In 1ts nwost forwerd position. The tail arsa regquired for
any body-wing configurstion end center-of-grevity range
1s shown in figure 2%. The curves sloping downward to the
right indicate the tail area regulred for pcwer-cff neutral
stebllity; the curves sloning upwerd to the right indil-
cate the tell ares required to trim the airplsne 1n the
lending condition with the body cn, fully loaded; the
horizontel line indicetes the tall aree required to trim
the airplsne for landing with the cargo body cff. The
dotted lines have the same significance as the solild lines,
exceot that they show the tall aree required with aell the
centers of gravity in their normzl positions. The normal
centers of gravlty ere:

Alrplane, body off 30 percent M.A.C.
Cargo body %5 percent body chord
Cargo 25 percent body chord

The center of gravity of the alrplsne with the body
off was varled *5 percent mean aerodynamic chord, and the
cargo center of gravity was varled *5, 10, *15, %20,
and 25 percent mesn aerodynamic chord from the normal
positlion. The body-off center of gravity was considered
to be In 1ts maximum forward position when the cargo was
forward, end vice versa.

With the body off, end for the center-of-gravity
range chosen, the minimum tsill area required to trim the
airplene in landing 1s 18.8 percent of the wing area, the
absolute minimum of taill area required for the alrplane
regardless of cargo center-of-gravity positlion or body
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locetion. However, the restrictions imposed by the cargo
center~-of=grevity position or body location may requilre

a lerger minimum tell area. For example, suppose the
maximum reerward cargo center-of-gravity shift is limited
to 15 percent mesn asrodynamic chord anc the maximum
Torward shift to 20 percent mean eerodynsmlc chord. The
body position at which the same tell ares will be just
suificient for bothk stablllity and trim will be found at
the polnt of 1lntersectlon of the curves 1n figure 23 for
the cargo center of gzravity 15 pbercent tsnind and 20 per-
cent ahead of the normal ceuter of gravity. The minimum
teil aree requlred for this conditlion 1s 19.9 nercent of
the wilng ares, snd tha Lody locatlon to meet these con-
ditlons 1s such thet the body quarter-chord point is

9 percent mean aerodynamic chord shead of the wing quarter-
chord point, If the body is located farther ahead of the
wing, a larger tall arves will be required to trim the eair-
pPlene for lending; thls tsll erea will be more than sufl-
flcient to give neutral stabllity. If ths raximum forwerd
location of the cargo center cof gravity in the above
exemple 1s restricted to 10 percont gheed of the normal
position, then the minimum tell arse is gowverned by the
requirements for londing with the body off, end will be
Independent of body locetion, as long as the body quarter-
chord point 1s located betwasen 12 snd 16.5 percent mean
aerodynsmlic chord shead cf the wing guarter-chord polnt.,

The curves Iin figure 23, however, are generally
appliceble only to vewsr-off flight, since the efrlects
ol power were neglected in the calculations on which the
curves were bgssd. Ths effects of power would be cifficult
to determine without mekling further tests. Probably, how=-
ever, with ovower on, the tall area regulired for stebllity
would be Increased while ths tell srea required for trim
would be decreessd. Tigures 27 snows thaot the effect on
the minimum tall erea requlrea will depend on ths relatlve
megnitude of the stabllity and trim eflects of power, but
regardless of the relative magnitude of these effects,
the body locatlon that recuires the smallest tell arsa
will be further forwerd than indicated in figure 23.

In figure 2!} is shown the varistion of the center of
grevity of the complete esirplene with cergo-body locatlon
for different cargo center-of-gravity locations. The
cargo-body locetion end center-of-grevity locstions
corresnond to those shown in figure 2% on the curves which
indicate the tall erea required for neutral stesbllity.
Since the center-of-gravity locetion in e neutrally stable
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alrplane corresponds to the alrplane!s neutral point,

the center of gravity of the airplane from figure 2 cor-
responding to any given canrgo body and cargo location will
glve the neutral point corresponding to the norizontal tail
area fourd in figure 23 from the same cargo body and cargo
location. Thus, the power-off neutrsesl point of the cargo
alrplene may be found by use of figures 23 end 2.

Once the neutregl poirt 1s determined, the stetlec
margln for any center-of-gravity location may be ascertained
by finding the distar.ce between the neutral point and the
center of gravity. Figure 2 mey be used for finding the
static mergin for ary oI the coniltions in the range cov-
ered by this figure. Iowever, to be perfectly general for
eny combinetlon of centers of gravity of the empty elrpleane
snd cargc load, the center of gravlty of the cemplete alrplane
may be cslculested by use of eguation (A-5) in spperdilx A.

CONCIUDING REARKS

The performsnce =nd longitudinal stebility and control
cherescteristics estimsted in this report ere only approsi-
mations, neglecting certein ractors aend meking assumptions
or estimatlions of others. However, a comperiscn of the
polers ottelned by the method of enelysics used with experi-
mental results obteined for a complete model of a specific
alrplene shows thet the method will glve reasonsbly good
comparative nerformence estimates. Comparison of the
power curves for the oroposed design with those for a
conventional esirnlane of the same size indicates no great
difference in potential performance. The anslysis also
indiceates thst stabillty snd control problems sre r.o more
difficult to solve then for other large sirplanes. There-
fore, no further investigation of the general aserodynamilc
chargcteristics of the lifting-body type of elrplane 1s
considered necessary; however, the usual wind-tunnel tests'
of a powered model of any specific design would still be
desirable.

On the bssls of the comperison made, any adventages
which the 1lifting-body type of cargo airplene may have
over ths more conventional types are probably chiefly
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dependent on nonaerodynamic factors, which were not con-
sldered 1n this report.

Langley Memorisl Aeronautlcal Leboratory
National Advisory Commlttee for Aeronsutics
Lengley Fleld, Va.
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APPENDIX A

PERFORMANCE CAICULATIONS
(A1l performance figures are at sea level.)

Dr%g.- The minlmum proflle drag wss estimated by
adding Increments of drseg coeffliclents due to wing, cargo
body, booms, tall, - and engine nacelles. The coefflclents
were ell based on the total wing area, including that
part within the booms and cargo body.

- \

Wing increment = CDoy, (? 3 O?/ = 0.0097L

where Cpo,, = 0-0110 (fig. 6.)
S = L4375 sq ft
500 1s the wilng srea wlthin the cargo body.

"
Body and boom increment = CDo g4, 2;5%? = 0.00961

where CD°c+b = 0.0102. (See appendix E end fig. 17.)

8% = 6 sq t't
S

8, = 1300 sq ft

1.888 sq ft

St+s )
Tall increment = cDot(‘S ) =:0.,00259

CDOt 1s the minimum profile-drag coefficlent of NACA
0009

0.0074 (reference 3).
St+s = 35 vercent S.

Engine nacelle increment = CDoy, Hgn = 0.00134

'CDon = 0.092 (reference L).

s, = 15.9 sq ft
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Total minimum drag coefficlent:
Cpe = 00097 + 2.00961 + 0.00259 + 0.0013i) = 0.0223%

. The winlmum protile-dreg cosfficlent for the Douglas
C~74 was calculeted In the same menner Trom data in f1g-

ure 1} with the wilng incldencs et 2%0. These data are for

tests of a fuselege representing the C-7l, end the mnimum
proflile dreg is
Cpo = cDow + body increment + tell increment + engine
nacelle increment = 0,0245

c = 0.0110
D°w
1

-

(7]

Body increment = Cp = 0,00833

1

ob
St =6 sq ft

Sm 1s the wing erea which & scale model with the
seme body would have = 3.6 sq ft

Tell increment = CDoy, %} = 0,00286

where the ratio of tsil to wing erea corvesponds to thst
of the full-size alirplene.

Nacelle increment = Gp, -5~ = 0.00234
n

Lift-dra olars.- The estimated 1ift-drag polar for
the Douglas C—Tﬁ Is shown in figure 19. Vilth it are shown
experimental values-of the 1ift and drag of a complete
model of the C~T7h4. These expsrimental data were obtained
at approximately the same Reynolds number and turbulence
factor as the present tests, The disagreement between
the estimated and experimental polars at high 1ift
coefficlents results from the fact that the data in
figure 1l were obtained from tests of a low-wing and
circular-fuselage model without flllets at the wind-
fuselage juncture, which leads to early separation and
high drag at moderately high angles of attack. The
agreenent between the estimated and experimental values
throughout most of the 1ift range indicates that the
method used for obtaining the lift-drag polars 1is fairly
good.
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A lift-profile~drag polar was drawn approximately

" parallél to the polars in figure 7 for the wing 1l2-inch
body~-boom combinatlion, but using the minimum drag coef-
flelent esti%ates above. The lnduced drag of the wing,

C
equal to ;ﬁ-, was added to the values of drag obtalned

from thils polar where (5, 1s the 1lift coefficlent corre-
sponding to the profile-dreg coefficlent on the polar,
end A 1s the wing aspect ratio of 9,15.

In figure 20, the complete airplane lift-drag polar
1s shown, and with it are compered the polars for the
cargo girplane with the body off, and with the body replaced
by drag equlvalent to flat pletes of 50 and 100 square
feet,.

In order to meke the comparlson between the 1lifting
body and the conventlionsl body directly, the drag was
estimated for en alrplane with a body the shape of that
of the C~7L4 but with e cargo space, gross weight, and
wing area the same &s thet of the 1lifting-body eirplane
being considered. The calculations were made In the same
menner as above, and the minlimum profile-drag coefficlent
was estimeted to be 0.0217. Using the lift-proflile-drag
voler from figure 1l as before and adding the wing induced
drag, the velue of minimum drag coefficient was found to
be 0,0223, and the complete poler is shown in figure 20.

Power curves.- The horsepower requlred was calculated
from the relatlonship:

cp(8p/2)v3
Pp = (A-1)
550
where Cp drag coefflcient at a given 1i1ft coeffilclent
8 = 44375 sq ft
p = 0.002378 slug/cu ft

V = ailrspeed, ft/sec; calculated from the gilven 1lift
coefficlent for wing loadings of L0 1lb/sq ft for the fully
loaded alrplane, 25 lb/sq ft for the lightly loeded air-
plene, end 20 1lb/sq ft for the airplane with the body off,

The horsepower-avallable curve was prepsared from an ensine-
propeller charecteristic chart for full rated power (8800 hp).
The power curves are shown in figure 21.
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Perforrance.- The maximum speed occurs where the
requlred horsepower 1s equel to the avallable horsepower,
thaet 1s, where the power curves intersect. The speed for
the best climb occurs at thie sneed where the difference
between the horsepower avallable and the horsepower required
1s greatest, and can be found from the vower curves where
the difference In ordinates 1s greatest. To find the maxl-
mum rete of climb, the maxImum excsss horsepower 1s
multipllied by 55C to get foot-vound per second units of
powor and dividea by the welght of the eivrplane to get
the rate of climb In feet per second.

-The range wes calculated at the meximum lift-dreg
ratio and at two values of constant breke horsepower, the
minimum breke horsspower required for the fully loaded
airvlane end an arbitrery velue of 6000.brake horsepower,
The minimum brake horsepower required (760 bhp) was
obtalned from flgure 21 by dividing the minimum value of
the horsepower-required curve by the engine-propeller
efficlency. In flgure 22 18 skown the maximur renge that
the airplene can be flown with any welght of cargo,
assuming en initial gross welght of 175,000 pounds.

The range at constent 1lift-drag ratio was calculated
from the following equation:

L W
R = %75 ? ~ loge .

™ (a-2)

where L/D 1s the maximum 11 ft-drag retio obtained from
figure 19, m = 0.84, £ = 0.47

At constent power, the renge was celculated from
the equetlion
Wp XV

T (4-3)

where V is &n esverage between the full loaded end empty
speeds for the given horserower (flg. 20)
f = 0.46 at 4760 bhp
C.53 at 6000 bhp
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--es - Toandl speed, ~ Thq meximum 1ift coefflclent of 1.35
was oBEaIneg Tgom figure 6, and the increment in section
11ft coefficlent of 1.15 caused by the flaps was estimated

from references 1 and 2, The assumptlion was made that
landings would be made with half rated power, and the
effects of power on the maximum 11ft coefficlents obtaln-
able were estimated from data on tests of sevoral powered
wind-tunnel models. It was assumed that the effect of
propeller operation was to lnorease the dynamic pressure
over that part of the wing imuersed in the slipstreom,
The data used for the speclflc calculatlons were taken
from the afore-mentioned tests of the Douglas G=TL4 since
the C=Tl. used the same type of engine and 1s almost.as
large as the cargo airplane considered in thils report.
The effective increase in dynamic pressure 1n the
slipstreamn was calculated as follows:

At a given engle of attack, the difference between
the 1i1ft coefficients with the power off end the 1lift
coefficlents with power on was measured for several model
configuraetions. Assuming that the esdditional 1lift with
the power on came only from thet part of the wing immersed
in the slipstresm end thet the power-off 1lift coefficlent
was uniform across the sven (since the model hsd full-span
flaprs ), the measured 1lift coeffilcient increment was
divided by the frection of the wing area immersed in the
slipstream and edded to the vpowver-off 1ift coeificient
end this sum wes divided by the power-off 1ift coefficient
to get the ratlo of dynamlc pressure In the slipstream
to the free-stream dynamic pressure, which proved to
be 5/3. The process was then reversed to get the 1lift
coefficient of the part of the cargo eirplsne wing immersed
in the slipstreem. The meximum 1ift coefficlent was then
obtalned by adding the 1ift as followsa:

21 52 , 5 4. 53
CL=Cr g *C, 5 *502 3
where Cr; 1s the maxlimum section 1lift coefflcient
without flaps = 1.35, and CLQ 1s the meximum sectlion
11ft coefficient with flaps deflected = 2.50

51, 0.429
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S
_Sé = 0. 365

The additionsel 1ift due to the carge body wes not
considered, slnce 1t was assumed that this wouid be
nullified by the negative 1lift required for trim,

This glves a msximum 1lift coefficlent of 2.62. The
landing speed In miles psr hour 1s given by

CrS
where -g 1s the wing loeding.

For wing loedings of LO pounds per squere foot (full
loed), 25 pounds per square foot (light load, body on),
end 20 pounds per sgusre fcot (light load, body off), the
landing speeds are 78, 61, and 55 miles per hour, respec-
tively.

The setting of the wlng relative to the body was
chosen to glve a uniform spanwise 1lift distribution in
the vicinity of the cargo body at a crulsing 1lift coef-
ficlent of 0.75 to secure as high a lift-drseg ratio as
possible. Thls setting was obtalned as follows:

0.75
= Ay
Lay
iv.v.___.io"? = ap
Ch cIub
1 = Gy = Gy = anngle tetween the zero-lift lines of wing

end body. Cr, = 0.0828 for wing and 0.040 for body. The

wing Incldence was estimated to be 30.

STABILITY AND CONTROL CALCULATIQNS

In the stability and control snalysis, the geometric
conflgurations previously described and the maximum cargo
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load of lj0 percent of the gross welght were assumed. In
--addltion, the following approximations- end .assumptions
were made: .

The effects of power were neglected.

The effect of the vertical location of the
center of gravity was naglected.
Cr, ©of the wing end tall were 0.0828 and

0.0720, respectively, teken from section data (refer-
ence 3) and corrected for the assumed aspect ratio.
The ground effect on these llft~curve slopes was
small and, therefore, neglected.

Cr,. = 0.04. The basis for this assumption 1is
b
glven 1n appendlx gp.
The aerodynsmic centers of the wing, body, and
tell were considered to be at thelr respective quarter-
chord polnts.

Cmg = -0.076

Cmg, = =0.100
Cp. =0
mot
qt/q = 0.9
gi 1s 0,5 in free air and 0.15 nesr
a the ground.

The reductlion in downwash near the ground was estlimated

from refarence 5. The value of 0.5 In free alr was

obtained from an snsaslysls of pltchlng-moment data for an
alrplane of similser configuration, It was assumed that

the trailing vortices shed by the cargo body would cause

a downwash over the central portion of the tall end an
upwash over the pert of the tell outslide the booms, so

that the average effective downwash on the tall would be
unaffected by the presence or absence of the cargo body.

References 6 and 7 indicate an elevator effectlveness
of 0.7 for the tell conflguration used. Data from tests
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of a tall configuration similar to that of the alrplane
under consideration were used to find the maxlmum tall
11ft coefficient for the landing condition. Estimating
the angle of attack of the tall by:

0y = [a(l - 38) - e (35) 11;] (a-ly)

and using a meximum elevator defliection of -25°, the 1lift
coefficlent of the tall was estimsted at -0.5.

The tall settilng 14 was assumed to be flxed, and
to be set for trim witk zero elevetor deflection et a
crulsing 1ift coefflcient of 0.75 wlith the centsrs of
gravity in thelr normal locations. Thls tall setting will
very wlth body locetion and tall erea, but an average
value of about -7° waz used. This corresponds to a setting
of about -3° with respect to the wing chord lins.

Full flap deflection of 50° wes assumed for the
lending condition. The center of prsesssure of the flap
11ft was assumed to be at 0.55c¢c. At full deflection,

a section 1lift coefficient increment due to the flaps
was estimated from references 1 and 2 to be 1.15, which
gives a velue of 0.65 for Cr, based on the total wing

aref.
)
a = 16 for the landing condition

S = L4375 sq ft, S!' = 3875 sq ft sincs 500 sq £t of
wing area 1s wlthln the cargo body

S
k= 37 = 1.129

3

3¢ = 0.3355
Cb _

2 = 2.97
1y = 3°
- 0.297
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The center-of-grevity position varles with the cargo-body
-location according to the following relationshlip:

Xe 2
-’§=0-1<se—+7b+h¥-5%) (4-5)

gy - B
where -E‘E——E 1s the location of the cargo ahead of 1ts

normal position. The neutral point was calculated from
the following relstionship: .

' de\ at St 3 Sp &
xﬂ_[(l-aa)a-s-rs%a '—“Ctab]_ (2-6)

N Sy ay St
CLO. +—CL0. (1 -'aac')q s|

St 1s used for calculetions with the body on, and
S 1s used instesd of S' with the bcdy off.

The tall area required for stability is that aresa
which mekes =x, = x for a glven cargo-tody locstlon.

To get the tall area required to trim the alrplane
In the lsnding condition, the following relstionship
was used:

S‘b 4 ) x iX - ) )

(ﬂ+x)

1
B

S

k was used for cslculstlions with body on, and was
not used with body off.

. (A=T)
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APPENDIX B

The drag date from the btests were broken up into
seversal components and plotted 1In figure 17 for analysis.,

The cergo-body drag increment, when extrapolated to
zero body width, was not zero, The dreg increment at
zero body width colncided with the calculated skin friction
of the sides, as iIndlcated in the dlscussion of the test
data., The minimum profile drag of the cargo body was
estimsted from figures 91 end 92 of reference 3 and this
value was used to celculate the drag of the wing-body
combination with different body wldths according to the

reletion:
CDO', 31 + CDob Sy

S

CDO =

The veriestlion of this drag plus the skin friction
of the sides with body width compared with the measured
value of the drag of the wing-body comblnation 1s shown
in figure 17. There 1s a discrepency of about 0.0028
between the meesured end celculeted velues of minimum
drag coefflclent at the largest body width. However, tuft
tests msde on the model showed bed flow breekewsy eround
the falrly blunt trselling edge of the body, even gt
negative sngles of atteck. The tralling-edge angle of
the body sectlon used was sbout 50°, end additional tests
were mede wlth the trelling edge of the body extended to
form en sngle of sbout 30°. Tuft tests indlcated that
the flow waes gregtly Imdroved, and force tests showed a
decreese in minlimum dreg coefficient of 0.0030. (See
fig. 16.) These additional tests were mede with the wing
22-inch body-boom combination and the measured vslue of
the drag 1s shown in figure 17. When the decrease in drag
of thls comblnation 1s subtracted from the measured drag
of the wing-body combinetion, the agreement between the
measured and calculated dreg 1s good. The difference in
drag coefflcient 1s 0.0002, whlch 1s less then the experil-
mental error involved.

It wes assumed that the reduction in drag ceused
by extending the trailing edge of the body waes due to the
reduction of tho trsiling-edge sngle to 30°. Since the
NACA four-digit series sirfolls of 25 percent thickness
heve & tralling-edge engle of about 30°, a section of
this type wes chosen for the cargo-~body conflguration.
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..Another consideration involved 1in choosing the sectlion
was that 1t had to enclose the wing plus e cargg space
about 10 feet high end LO feet long. The NACA 6325 sec-
tlon met these condiltions, but this section had to be
modified by reflexing the tralling edge from the 60 per-
cent chord point back to allow ground clearance for the
body and booms during lending. This modification did not
affect the tralling-edge sngle or the cargo spece.
Regaerdless of the spacing of the booms, the increment of
dreg added to the wing by the booms 1s shown to be constant.
(See f1g. 10.) The skin-friction drag of the booms was
calculated at a Reynolds number based on the test veloclty
and boom length, assuming e turbulent boundery layer along
the boom. The total drag coefficlent Increment of the two
booms wes 0.0078, while the calculated skinsfriction incre-
ment was 0.0063%, or about 81 percent of the total bcom
drag. The rest wes form and interference dreg.

The drsg of the wing-body-boom combination, from fig-
ure 7, was Just the simple sum of the drags of the three
components. The dii'ference between the drag of this
combinetion and of the wing-body combination 1s constant
end equal to the increment of drag of the booms on the
wing alone. Thls indicates that the interference between
the body snd the booms was equal to the skin friction of
the sldes of the body and the vart of the booms not exposed
to the slr stream.

The value of the cergo body-boom drag uszd in the
performance calculetlions in appendix A was obtalned as
follows:

The skin friction of booms similer to those shown 1in
figure 18 was calculeted at a Reynolds number corresponding
to the test conditions. To thls was added the form drag
end wing-boom Interference, which were assumed to be the
seme as for the large booms used in the tests. The inter-
ference between the booms snd body was assumed to be
reduced by an amount equel to the skin friction on the
body sides, and so the calculated drag of a cargo body of
the seme spen-chord rstlo as that used in the cargo air-
plane analysls, not including the skin frictlion of the
sldes, was sdded to the boom dreg. This drag coefficlent
Increment of the cargo body-boom combination 1s shown 1n
flgure 17, end 2ts velue is 0.0102.

The slope of the 1lift curve of the cargo body 1s of
great Interest iIn all the calculations. Therefore, the
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velue of this slope wes estlmated from the data of fig-
ures 6 and 9 and checked from simple theoretical con-

siderations.

The experimentally estimated slope was obtained by
subtractling the 11ft of the part of the wing not covered
by the body from the 1lift of the wing-body combination
st the same engle of attack and getting the resultant body
1ift coefficlent based on the body ares. The 11ft coef-
ficient of the body was then plotted sgalnst the angle
of attsck and the slope measured. The method of getting
the 1lift, by subtracting one large value from another to
get a smell lncrement, 1s not very accurate; therefore,
the dasta obtsined did not give a very smooth curve. The
average slope for the 12-inch bodywas between C.0L5 and 0.050.

The slope waes then caclulated by replacing the wing
end the body with two simple, suverimposed horseshoe
vortlces, one representing the wing, and the other
representing the body.

The angles of attack induced by the vortices on the
wing and on the body are glven by:

ag,, = {2k (B-1)
_ (L/b)p - (L/blw _
a'ib = qubb (B 2)

The angle of attack of the wing end body are given by:

=a°

Qw + a.iw ( B-3 )

w
‘ay = Qo + Gy, * Opy (B-4)

Assuming for the sske of simplicity that the wing 1s
at zero Incldence. and that the angle of attack of the
wing 1s not affected by the body vortex since the body
span 1s small compared to the wing span, then ay = ap

and

Goy = Gop + Oy (B-5)
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substituting for aib from (B-2)

(L/b)p - (L/b)g
Ow Op * ﬂqbb (5-6)

assuming that the section liftecurve slopes of both wing
and body are equal to 2w per radlam,

(L/o)p _ Sb (L/b)w
ag "

(B-7)

combining (B-6) end (B-7),

o -
LLZb)I aob Cw Gow

(B-8)

w
but

(I/b)yw — cLa'ow ey = 2NWqcy (B-9)

then combining (B-8) and (B-9),
2Cw /
_ 2cy ch

2Cw

aow(l + —tg> = a.ob(l + —b};)

(B-10)

Now
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but since (g, =C
Goy Lﬁow
CLO. a
o
b-_b (3-11)
cLaw Goy
Therefore, combining (B-10) amnd (B-1l1),
1+ E%!
= -
CLa.b CLa.w —————hl - Gy (B-12)
by
For the test condltions with the 1l2-inch body,
2 x 12
1+ 1
Cr, = 0.096 = 0.0477 per degree
2 .2

whlch checks very well with the experimental value esti-

matead from flgure 12. The corresponding value for the

Tull-sceale airplsne conflguratlion 1s Cry. = 0.0352. The
b

value used in the enaelysis was slightly higher, since 1t
wes assumed that the booms would increese thils velue
glightly.

As an addlitlional check, the angle of zero 1lift of
the wing-body combinetions tested was celculsted and
compared with the measured velues.

+
) aLob CI"O.b Sp O.Low CLG.W Sw 513)
LO - -
CLab Sb + CLG.W SW

where AL, 1s the angle of zero 1lift of & conventlonal
b
N4CA section having anproximately the same thickness and
meen camber line es the cargo-body section, = -2.0°. .
Qg is the wing angle of zero lift from figure 6, = -4.1°.
w

cLab 1s the value calculated for each body width.

The comparlison between measured snd calculated values of
the zero 1lift angle 1= shown in table III.
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Specificatlions of proposed cargo

Welghts

Empty eirplane with no cargo body

Cergo body . . .

cergo and/or fuel .

Crew, oll, and fuel (minimum) .«

Wing

Area (includins area coverad by body), sq ft .

Span, ft . . . .
Aspect retlio . .

Mean aerodynemic chord

Alrfoll section .

Incidence (between wing

body chord line).

wWing flaps
TIPS o o o« « o =
Chord « «» . . .
Span . .
Angular deflection

Body
Area, sq ft . . .
3pan, ft . . . .
Chord, ft . . . »
Section . . .

Cargo snace, ft (approximauely)

Horizontal tail
Ax.ea L ] [ ] L] L] a [ ]

Spen, ft .. . .
Chord, ft . . . .
Aspect ratio . .
Alrfoll sectlion .

Elevator orea .

Tgll length (from

c/b

to ¢/l of tail) . .

TABLE I

ft .
chord

of wing

MR Yo. L5E0%a

alrplene design:

Pounds Percent
of gross
. « 80,000 L5.71
« « » o 17,500 10
« « « . 70,000 Lo
. « _T7,500 .29
ross 175,000 100.00
. L3715
« 4 8 s s+ a s e o o 200
I S
+ + « o« « » NACA usl

L [ ] L] [ ) * . - L) L] . [ ] 2

. 8lotted
25 percent wing chord

« 50 percent wing spen
50° down meax.

G« < s e e e« . « . 1300
L] L] - L ] L] L ] L] . L] L] - 20
. o 65
. e NACA 6225 (modified)

. [0 by 20 by 10

(originel design)

900 sq ft 20.6 percent
wing area

. 6l
DL

NACA 0009

390 sq ft L3.5 percent
tall area

e« « 70 ft 320 percent

M.A.C.



TABRIE I - Concluded

Englnes
TYPOs e o = s o s o s o @
Fumber . « ¢« « o « « ¢ &
Take-off horsepower . . .
Normal rated horsepower .

Propellers
Number of blades .« .« « & = o s ¢ = &«
Diemeter ,ft . « o« « ¢« ¢« ¢« &« v « o & &

Normal centers of gravity
Alrplare cernter of gravity, bodr off.

Center of grevlty of csrgo body « . .«

Center of grevity of cargo .+ « o o «

MR No. IL5EO9a

at

at
of
st

7]

of

Wright R-SBSE

. . . 2300
at 2500 £t

S

30 percent

M.A.C.
Z5 percent
body chord
%25 percent
boly chord
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COMMITTEE FCR AnRMIAUTICS



TABLE II

Load leval |[rete of;j
condltion speed | climb be?;oﬁiimb
(mph) | (fpm) :

Body on

rois welght| 209 637 12
%175,000 1b)
Body on I
11ght load 216 | 1h65 | 123
(110,000 1b)
Body off,
light load 231 | 2060 125
(37,500 1b) I

]
¥ eximum

Max1mum

| Speed for

Lending speed!

with 1/2 rateiy

power
(mph)

78

61

25

t

Maximum range at

{&Max. L/D|PKin, bph|®6000 bph
| (17.1) | (L760) ,

i (miles) (miles) (mileﬁ)

I 6L10 51,00 L350

i
l
|
!
|
|
|
1

»

8at en average
bat an average

Cat en average

cruising speed of 135 riles per hour
crulsing sveed of 155 miles per hour

cruising speed of 180 miles per hour

NATIONAL ADVISORY 1
COXMITTEE FOR AERONAUTICS °

B6OEGT "ON UW



MR No. I5E09a

TABIE III

Body width Calculated G'Lo Experimental ar,
o
(In.) (deg) (deg)
L ~3.98 4.0
12 -3.68 -3.7
22 -3.31 =3+35

NATTON AL ADVISCRY
COMMITTEX FOR A=ZTION AUTICS
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Figure 1.~ Cargo-body and boom models.
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(a) Wing, 22-inch cargo body, and booms,

Figure 2,- Cargo bbdy and boom configurations tested,
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(b) Wing and 22-inch cargo body.

Figure 2.- Continued,
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(c) Wing and booms.

Figure 2.- Continued.
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(d) Wing and booms, with increased chord wing between booms,

Figure 2,- Concluded,
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Frgure 3 - ConvenZionae/ #ody models.
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(a) Conventional rectangular body,

Figure 4,- Conventional body configurations tested,
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(b)

High wing and circular body.

Figure 4.~ Continued,

BGO0HST "ON YN




Low wing and circular body,

Figure 4.- Concluded,
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(a) Front view,

Figure 5,- Cargo model mounted in wind tunnel,
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(b) Rear view.

Figure b.- Concluded.
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